(1 X 10-5-1 X 10-4 M), dibucaine (1 X 10-5-1 X 10-4 M) and tetracaine (1 X 10-6-1 X 10-5 M) caused an increase followed by a decrease in the rate of spontaneous afferent (A) discharges (D) accompanied with a decrease in the flow rate of perfusion solution from the pulmonary vein in the isolated lung of the bullfrog, but these local anesthetics only decreased the rate of A.D. synchronized with lung inflation. The stimulatory effects of these drugs on the rate of spon taneous A.D. were studied.
Previously, we (1) reported that some local anesthetics (procaine, tetracaine and dibucaine) increased the rate of spontaneous afferent (A) discharges (D) from the pulmonary mechanoreceptors which was accompanied by a decrease in the flow rate of perfusion solution from the pulmonary vein, but tetrodotoxin (TTX) and chlor promazine, which did not change the flow rate of perfusion solution, only decreased both rates of A.D. in the perfused lung of the bullfrog. From these results, it was suggested that the increase in the rate of spontaneous A.D. induced by local anesthetics would result from the stimulation of the mecha noreceptors on the pulmonary vessel when the vessel was contracted by local anes thetics (1) . On the other hand, since procaine was reported to have a depolarizing effect on the pulmonary artery (2, 3) , there is the possibility that the local anesthetics directly depolarize the mechanoreceptors.
In order to clarify the mechanisms of the increase in the spontaneous A.D. induced by these local anesthetics,
we compared the effects of local anesthetics and aconitine on the rate of spontaneous A.D. in the presence of TTX and smooth muscle relaxants (papaverine and verapamil), since it was reported that aconitine directly depolarized the crayfish stretchreceptor and the action of aconitine was inhibited by TTX (4) . We also examined the drugs on the rate of A.D. synchronized with lung inflation and compared the effects of these drugs on the receptors which generated each A.D.
Materials and Methods
The experiments were performed on bullfrogs (Rana catesbeiana) weighing 250 350 g. Preparations and recording methods were described in a previous paper (5) . The right lung was excised together with the pulmonary branches of the right vagus nerve, and a tracheal cannula and an arterial cannula were inserted. The lungs were perfused with amphibian Ringer's solution (pH 7.5+0.2, 20°C). The lung was always inflated with an artificial respirator (Takahashi model TB-101) with air (5 ml) at the rate of 3-4/min during the experiment. The A.D. were recorded from the pulmonary nerve branches placed on a pair of platinum electrodes. As the bundle of afferent fibers was placed on the recording electrodes, the discharges from some groups of receptors were recorded simultaneously. When the pressure in the lung was monitored with a pressure transducer (Nihon Kohden, M U P-0.5) attached to a branch of the rubber tube of the tracheal cannula and the pressure in the lung was almost zero, different ampli tudes of spontaneous A.D. were recorded. According to a rise in the pressure in the lung, high frequency and different amplitude A.D.'s synchronized with lung inflation that were superimposed on spontaneous A.D. were recorded (Fig. 1) . As we could not classify the spikes according to the amplitude, the spikes higher than an arbitrary threshold were then transformed into square wave pulses and fed into an integrator. The output of the integrator was recorded by a D.C. recorder (Hitachi 056) and was regarded as the frequency of generating A.D. When only the spontaneous A.D. were recorded, the tracheal cannula was disconnected from the artificial respirator. The amount of perfusion solution from the pulmonary vein was measured every min. When we investigated the effects of local anesthetics and aconitine in the presence of TTX, papaverine or verapamil on the rate of spontaneous A.D., TTX for 3 min and papaverine and verapamil for 5 min were applied beforehand, and then local anesthetics or aconitine was added in the solution which contained TTX, papaverine or verapamil.
Drugs used were procaine HCI (Bancain, Banyu Pharm. Co.), dibucaine HCI (Percamin, Nagase lyakuhin), tetracaine HCI (tetocain, Kyorin Pharm. Co.), TTX (Sigma), aconitine (Merck), papaverine (Wako Pure Chem.) and verapamil (a gift from Eisai). Each con centration of the drugs was examined at least in four different preparations. Student's t-test was used for a statistical comparison between mean values. Fig. 2 . The effects of procaine on the spike amplitude and the rate of spontaneous afferent discharges in the resting expiratory state of the perfused bullfrog lung (I) and the effects of procaine on the rate of spontaneous afferent discharges and the rate of afferent discharges synchronized with lung inflation with an artificial respirator (II) in the presence of TTX. In (I), the tracheal cannula was disconnected from the artificial respirator. In all experiments except (I), the lung was inflated with an artificial respirator during the experiment. The recording shows the spike frequency recorded by using an integrator and a D.C. recorder. Vertical bar: the spike frequency of discharges.
Solid and broken horizontal bar: time for perfusion of the solution containing drugs. Number in parenthesis indicates the amount of perfusion solution per min. Photographs of the oscilloscope display at different two sweep speeds are added when the experiment was done in the inflated lung. (1 X 10-7 M) exerted similar inhibitory effects on the spontaneous A.D. increased by procaine which were seen in the resting expiratory states of the lung (Fig. 2 II) . However, the rate of A.D. synchronized with lung inflation was decreased by these drugs, while the significant increase in the rate of spontaneous A.D. by procaine was sup pressed by TTX (Fig. 2 11) . We (1) reported that aconitine
(1 x 10-6 M) significantly increased the rate of spontaneous A.D. and irreversively abolished all A.D. in normal Ringer's solution (Fig. 3A) . In the presence of TTX (1 X 10-' M), the stimulatory effect of aconitine (1 X10-6 M) on the rate of spon taneous A.D. was inhibited as compared with the effect of aconitine in normal Ringer's solution; and aconitine, like procaine, could not increase the rate of A.D. synchronized with lung inflation, while the significant increase in the rate of spontaneous A.D. was suppressed by TTX ( Fig. 3 B) . When aconitine was applied in the presence of TTX (1 X 10-7 M), all A.D.'s finally disappeared, but high frequency spontaneous A.D. and very low frequency A.D. synchronized with lung inflation reappeared after washing out of TTX and aconitine (1 X10-6 M) (Fig. 3 B) . The effects of local anesthetics (procaine, dibucaine and tetracaine) and aconitine are summarized in Table 1 . When procaine or tetracaine was applied in the absence or presence of TTX, the rate of spontaneous A.D. and A.D. synchronized with lung inflation were almost recovered after washing out of these drugs. TTX reduced the maximum rate of spontaneous A.D. increased by procaine (1 X 10-5-1 X 10-4 M) and tetracaine (1 X 10-6-1 X 10-5 M), as compared with the maximum rate by procaine or tetracaine reapplied after washing out of TTX and these drugs.
Since the inhibitory effects of dibucaine on the rate of A.D. were irreversible and could not be recovered after washing out of dibucaine in the presence or absence of TTX (1), we compared the maximum rate induced by dibucaine in normal Ringer's solution with that in the presence of TTX. TTX reduced the maximum rate induced by dibucaine, but TTX did not affect the decrease in the flow rate of perfusion solution by these drugs. Table 2 ). The maximum rates of spon taneous A.D. increased by procaine and tetracaine in the presence and after washing out of papaverine (1 x 10-5 M) were almost the same level. The effect of aconitine on the rate of A.D. in the presence of papaverine (1 x10-5 M) was very similar to that in normal Ringer's solution (Fig. 3) . Table 1 . Effects of tetrodotoxin (TTX) on the rate of spontaneous afferent discharges and the flow rate of perfusion solution induced by local anesthetics and aconitine
Papaverine
(1 X10-4 M) increased the spontaneous A.D., and then the rate returned to slightly below the level before application of papaverine within 5 min (Fig. 5) Table 2 ). After washing out of papaverine (1 X 10-4 M) and aconitine, high frequency spontaneous A.D. reappeared as seen after washing out of TTX and aconitine ( Fig. 5 and Table 2 (Fig. 7) . Verapamil (1 X JO-4 M) inhibited the decrease in the flow rate of perfusion solution by aconitine, but not those by local anesthetics (Table 3) . (Fig. 1) , and compound potentials would be recorded. Since our method preferentially recorded higher ampli tude spikes, we regarded the amount of phasic change of the output of the integrator according to the lung inflation as the rate of A.D. synchronized with lung inflation. From these results, we considered that the increase in the rate of spontaneous A.D. by procaine and tetracaine would be due to not only the contractile effect of the pulmonary vessel but also to the direct stimulatory effect on the mechanoreceptors which generated the spontaneous A.D. Papaverine (1 X 10-5 M) caused the relaxation of the entire lung tissue and inhibited the decrease in the flow rate of perfusion solution induced by these local anesthetics, but did not inhibit the increase in the rate of spontaneous A.D. by local anesthetics, except for dibucaine ( Table 2 ). The maximum rates of spontaneous A.D. increased by procaine (1 X 10-5-1 X 10-4 M) and tetracaine
(1 X 10-6-1 X 10-5 M) in the presence of papaverine (1 X JO-5 M) were almost the same level as those by reapplication of procaine and tetracaine after washing out of papaverine (Fig. 4 and Table 2 ). Since procaine at 1 X 10-6 M and tetracaine at 1 X 10-7 M could not cause an increase in the rate of A.D. and a decrease in the flow rate of perfusion solution (1), procaine at 1 X 10-5 M and tetracaine at 1 X10-6 M would be almost a minimum concentration to stimulate the receptors which generated the spon taneous A.D. The increase in the rate of spontaneous A.D. induced by dibucaine may result from the contraction of the vessel, since the increase by dibucaine was always accompanied with the decrease in the flow rate of perfusion solution (Tables 1 and 3 were very similar to those of TTX (1 X 10-7 M). Verapamil was reported to reduce the sodium conductance, but has little effect on potassium conductance in squid giant axon (6) . The inhibitory effects of verapamil (1 X10-4 M), as well as papaverine (1 X10-4 M), might be due to a local anesthetic activity.
On the other hand, the effects of local anesthetics and aconitine on the rate of A.D. synchronized with lung inflation were differ ent from those on spontaneous A.D. It was found that local anesthetics and aconitine could not increase the rate of A.D. synchro nized with lung inflation. While the clear, but partially suppressed increase in the rate of spontaneous A.D. induced by local anesthetics and aconitine appeared in the presence of TTX (1 x 10-7 M), papaverine (1 X 10-4 M) and verapamil (1 X 10-4 M), the rate of A.D. synchronized with lung inflation was decreased by these drugs (Figs. 2-7) . From these results, the possibility was excluded that the high frequency impulses of spontaneous A.D. induced by these drugs masked the impulses which were generated during the lung inflation. Procaine and tetracaine which were applied in the presence of TTX (1 X 10-7 M), papaverine (1 X 10-4 M) or verapamil (1 X 10-4 M), abolished all A.D.; but after washing out of these drugs, A.D. synchronized with lung inflation and then spontaneous A.D. reappeared. These results excluded the possibility that the afferent fibers of the receptors which generated A.D. synchronized with lung inflation were so susceptible to local anesthetics that the con duction of the impulses was blocked even if the receptors were stimulated. Aconitine stopped all A.D. irreversiblly when aconitine was applied in normal Ringer's solution.
When aconitine was applied in the presence of TTX (1 X 10-7 M), papaverine (1 X 10-4 M) or verapamil (1 X 10-4 M), high frequency spontaneous A.D. appeared, but the rate of A.D. synchronized with lung inflation was very low after washing out of these drugs (Figs. 3, 5 and 7) . When the receptors which generated spontaneous A.D. were exposed once to aconitine, the receptor would be depolarized by aconitine. The complete de polarization of the receptor would be inhibited by TTX, papaverine and verapamil, and high excitability of the receptors appeared after washing out of these drugs. A similar phenomenon was observed in frog muscle spindle that the stimulatory effect of aconitine was inhibited by procaine and high frequency discharges appeared after washing out of the two drugs (7). However, it was not thought that the excitability of the receptors which generated the A.D. synchronized with lung inflation was elevated after washing out of both aconitine and TTX, papaverine or verapamil, as compared with that before application of drugs. In normal Ringer's solution, aconitine causes the irreversible conduction blockade in the fibers of the receptors. In squid giant axon, it was reported that aconitine irreversibly depolarized and inhibited the excitability of the axon when the axon was stimulated repetitively (8) . TTX, papaverine and verapamil would be able to protect the fibers from the depolarizing effects of aconitine.
The receptors which generated the A.D. synchronized with lung inflation are thought to be on the lung wall (5) and the afferent fibers of the receptors may be longer than the fibers of the receptors which generate the spontaneous A.D. on the pulmonary vessel (5). We could find a nerve bundle on the lung wall. The fibers which conducted the A.D. synchronized with lung inflation would be susceptible to the conduction blocking effect of aconitine. At present, we cannot clarify the reason why the receptors which generate the A.D. synchronized with lung inflation is insensitive to the stimulatory effects of aconitine and local anesthetics.
We could not define the difference between the stimulatory effects of procaine and tetracaine and those of aconitine on the rate of spontaneous A.D. in the presence of TTX, papaverine or verapamil, except that the stimulatory effects of these local anesthetics were reproducible after washing out these drugs. The effects of local anesthetics on stimulatory actions on the mechanoreceptors are thought to be similar to those of aconitine. Local anesthetics suppress the sodium and potassium conductance and block the nerve conduction by interferring with the con ductance changes, but it has been expected that a reduction of potassium conductance would tend to lower the threshold for excitation (9, 10) . Procaine has been reported to have a depolarizing effect on the pulmonary artery due to the reduction of potassium conductance (2, 3) . Local anes thetics would lower the threshold for exci tation of the receptors due to the reduction of potassium conductance, and finally, local anesthetics would inhibit the excitability of the receptors by interferring with sodium and potassium conductance changes. We reported that 4-aminopyridine (4-AP) caused a long lasting increase in the rate of spontaneous A.D. in the perfused bullfrog lung (5). Since 4-AP was reported to reduce the potassium but not sodium conductance in the squid and cockroach giant axon (11 , 12) , 4-AP would not decrease the rate of A.D. On the other hand, chlorpromazine (CPZ) was reported to suppress the sodium current much more extensively than the potassium current when it was applied externally in squid giant axon (13) . CPZ caused only a decrease in the rate of A.D. from the pulmonary mechanoreceptors (1 ). We (5) reported that the receptors which generated spontaneous A.D. were not irritant receptors and would be analogous to the juxta-pulmonary capillary receptor (type J receptor) in the pulmonary capillaries in cats, since the receptors were not stimulated by histamine, but those were significantly stimu lated by distension of the vascular wall, and the receptors which generated A.D. synchro nized with lung inflation are thought to be a kind of stretch receptor.
Local anesthetics would show a stimulatory followed by inhibitory effect on the receptors which were on the vascular wall of the frog pulmonary vein and have an inhibitory effect on the stretch receptors which were on the lung wall.
Papaverine and verapamil at high concen tration (1 X 10-4 M) had a stimulatory effects on the rate of spontaneous A.D. before reduction of it (Figs. 2 and 3) . Papaverine (1 X 10-5 M) relaxed the entire lung tissue, but did not cause a clear increase in the rate of spontaneous A.D.; and verapamil (1 X10-4 M) did not relax the entire lung tissue, but increased the rate of spontaneous A.D. From these results, the increase in the rate of spontaneous A.D. did not result from the relaxation of the pulmonary vessel or entire lung tissue. It was thought that these drugs have direct effects on the pulmonary mecha noreceptors.
The contractile responses to local anes thetics in the entire frog lung was reported by Downes and Taylor (14) . In the present experiments, the contractile response of the pulmonary vessel was completely inhibited by papaverine, but not verapamil (Tables 2  and 3 ). Peiper et al. (15) indicated the mechanisms by which the contraction of the vascular smooth muscle was induced.
In their report, the contraction induced by norepinephrine was inhibited by papaverine, but not verapamil, and the mechanism of the contraction was suggested to be the release of calcium ion from the tightly bound intra cellular calcium fraction. Since the possibility was reported that procaine and norepine phrine affect the same calcium fraction and procaine could release the bound calcium in vascular smooth muscle (16, 17) , local anesthetics would directly release the calcium ion from the intracellular calcium fraction of frog pulmonary vessel.
